Chest radiography provides ana of the graat challenges to digital diagnostic imaging becau$e of (1) the relatively larga size of the chest field, (2) the contrast range required to resolve subtle pathological changes in soft tissue density, and (3) the high degree of spatial resolution required to discriminate pathological detail. The field size problem was resalvad by using a 57-cm image intensifier whose video output of the chast could be digitizad. The issue of contrast resolution was addressed in a recently completed receiver-operating characteristic study of the detectability of Iow-contra$t densities in a humanoid chest phantom. The latter indicated that, despite the smaller size of the digital image, they were adequate lar resolving clinically significant soft-tissue densities. The question of spatial resolution in digital diagnostic images is addressed in the study presanted. A set of 41 clinical casas were selected to provide the typical range of diagnostir type axperienced in routine diagnostic radiology. The images were each presented as conventional film, digital lasar-printer, and digital video images. The results of an ROC analysis of five readers' performance in each of the viewing modas is presented. 9 1990 by W.B. Saunders Company,
T
HE APPLICATION of computer imaging and graphics in the clinical setting has generated many questions regarding the economic and logistical impact of the new technology. =' 2 However, it must first be determined if the fidelity of the computer image compared with the conventional one allows the clinician access to sufficient diagnostic information before the answers to these questions are of any consequence. 2' 3 Although it is agreed that many ergonomic and psychophysical factors must be addressed before digital radiography can be fully implemented, the authors believe that the transition is inevitable and that clinically appropriate levels of contrast and spatial resolution can be achieved with existing technology.
The results of the clinical study reported herein follow in the wake of trials conducted using a humanoid phantom with simulated nodular pathology. 4 The results of those studies indicate that radiographic chest images digitized to 1,024 • 1,024 pixels with a 10-bit depth were of sufficient resolution to allow the detection of focal signals of diagnostically relevant size at a rata not significantly different from that achieved using conventional film images. Further, the differences could be attributed to the difference in size between the video image and the film image. 5
The preceding studies, while adequately testing the contrast resolution of the digital imaging system, did not tax the limits of spatial resolution imposed by the computer graphics. At the level of digitization specified, the psychophysical limit of focal-signal detection is reached before the capacity of the system to capture spatial information is exhausted? Important diagnostic information is also provided, however, by diffuse signal patterns in chest radiographs. Although this type of pathology can be readily detected by the radiologist, its structure is not well defined radiographically. Evidence of diffuse pathology in radiographic images is usually described as an area having a distinguishing graphic texture. However, diffuse signals are made up of discrete signals not individually distinguishable by the naked eye that may not be captured by a digital image system if the resolution is too low. Following are the results of the authors' efforts to challenge the spatial resolution limits of a diagnostic digital imaging system using a selected set of clinical cases involving a variety of both focal and diffuse pathology. 
MATERIALS AND METHODS

Case Selection
BRAUER ET AL
this study. They were told the purposc of the study and the risk associated with the additional exposure and that declining to participate would in no way affect their medir tr•atment or care. The British Columbia Ministry of Health ethics committee approved this procedure for human subject approval. Those agreeing were examined radiographically twice; once to generate a conventional film image and again to produce a digital image file. For each patient, all medical images and all related clinical information were prr to a panel of three radiologists and one respirologist for evaluation. This panel determined what, ir any, diagnostic signals were present in any of the images, thereby establishing the "trae" status of the images for subsequent receiver-operating characteristic (ROC) analysis of the reading data. Only thosr cases in which there was 75% consensus among panel members on image-signal composition were included in the study. Further, the sample was adjusted so that there were approximately eqaal numbers of normal and signal-beadng quadrants in the image sets. The use of a consensus panel for this purpose has been used successfully in other studies. 6 Table 1 lists, categorically, the findings of the consensus panel for the ceses used in the study.
lmage Acquisition
Posterior/anterior and lateral exposures for both conventional and digital techniques were made using a Siemens Polydoros generator (Siemens Electric Ltd, Mississauga, OntarŸ Canada) and ah Opti 150/40q
x-rey tube. The 117-kV phototimed exposure technique used for both images resulted in a skin dose of 0.150 mSv for the conventional image and 0.030 mSv for the digital image (see Ewen et al T for a discussion of radiation doses using different che, st radiography techniques). The conventional imagr was recorded on 14-in x 17-in Dupont Cronex 7 film (Dupont Co, Wilmington, DE) using a Dupont daylight cassette and focused grid (12:1) ata distancr of 175 cm from the source. Digital images were acquired by digitizing the video output from a Siemens Sirecon 57-cm image intensifier 8 with a 10-cm airgap. The Siemens digital radiography system used is shown in block forro in Fig 1; detailed information may be found in Nosil et al. 9 The image on the 10-cm output phosphor of the image intensifier was recorded using a Siemens Vidr H 1,023-line video camera. The video output is transmitted via optic fiber to a Siemens DRI000 image acquisition and display computer and digitized to a 1,023-1ine x944 pixel x 10-bit image file. Image acquisition is controlled by a VAX ! 1/750 computer (Digital Equipment Corp, Toronto, Ontario, Canada), which is also used for image archiving and processing. The image files are then transferred from the VAX 11/750 to a MicroVAX II, which serves as host to the Siemens prototype three-screen reporting station, where the images may be viewed and windowed. Prints of the digital images were made using a Matrix Instruments Laser film printer (Matrix Instruments, Inc, Orangeburg, NY) connected to the VAX 11/750. Both the printer and viewing screr were capable of only 256 levels of grey (8 bits). The rr 2 bits acquired during digitization could be accessr by windowing during viewing or br printing. Banding r were occasionally encountered during printing; only images with no apparent banding errors were used for the study.
Image Reading
Of over 200 ceses recorded both conventionally and digitally, 41 were selected for rr using the aforementionod consensus procedure. Consequently, there were 123 sets of images (41 digital film, 41 digital video, and 41 conventional), which were numbered so that radiologist would not view the different types of images for the same patient during the same week of reading sr and whieh appeared random to the readers. Each of tire radiologists examined eight sets of images (mixture of digital and conventional imagr per daily sr until all images had ber read by each radiologist.
For r image set, the radiologists were asked to consider each quadrant of the che, st (Fig 2) and assign a number from the following scale to each quadrant for the presence of diffuse and focal pathology: 1--almost definitely not present; 2--probably not present; 3--50/50 chance of being present; 4--probably present; and 5--almost definitely present. The distribution of signal types in the images es determined by the consensus panel are shown in Table 2 .
A typical, complr162 reading forro is shown in Fig 3 . The readers were not restricted for time or from vir aids (magnifiers and "bright lights" for film, windowing and zooming on vidr during the reading sessions.
Receiver-Operating Characteristic
ROC analysis was conducted es previously described. 4 The data from all tire readers were grouped to provide a more homogeneous distribution of detection certainty for each case. (Pooling data was justified because of very low interreader variation.) Further, all image quadrants containing a signal, in the opinion of the consensus panel, but which all tire radiologists called normal in all three image formats, were removod from the data pool. These data skewed the distribution of certaintir thereby increasing the error in the ROC statistics, yet contributed nothing to the comparison of signal detr in conventional images compared with digital ones. That this was necessary confirms the already well-known far that associated clinical information is critical in those diagnostic processes that use medical images.
RESULTS AND DISCUSSlON
The rcsults of the ROC analysis are somewhat equivocal in tr of the rr ability to discriminatr focal and diffuse signals in digital images compared with conventional ones. Detection performance for focal or diffuse signals is distinctly lower with digital images than with conventional ones, when the two are considered separately. However, when the distinction between focal and diffuse signals is ignored, signal detection using digital images is as good as or better than that using conventional images (Fig  4) . It can only be assumed from these data that the individual readers were not consistent in their definition of focal and diffuse signal types. Irrespective of signal type, signal detection performance using the laser-printed film was significantly better than with conventional film and not significantly different from that using the video images (Fig 4) . This difference in quality was primarily a result of the lower incidence of false-positive (FP) calls using the digital images. The effect of this on the ROC statistics is shown in Fig 5. Whereas the areas under each curve in Fig 5 are not significantly different, the curve for signal detection in video images has a greater slope at the low-FP end than does that for conventional images. In fact, the data at the low-FP end of the curves are of greater clinical significance than those in the rest of the curve because high FP rates in a diagnostic test are usually unacceptable in a clinical setting despite a favorable true-positive (TP) rate. The TP rate at an FP rate of 0.2 is often considered a *Gross mediastinal signals such as aortic unfolding or cardiomegaly, while present in many cases, were ignored for the purpose of this study, being considered too gross in nature to contribute to the results. clinically valid ROC statistic; ie, 0.2 is a maximum clinically acceptable FP rate. In Fig 4, the TP rate at an FP rate of 0.2 is about 20% higher for video images than for conventional ones. Contrast this with areas under the ROC curves (Fig 4) , which are less than 5% different. This change in the shape of the ROC curve for digital images can also be seen in the data of Seeley et al. 6 They attribute the result to the facility of being able to window the digital images; when images were not windowed, the two curves, while not identical, did not cross and were of the same shape.
Windowing may also account for the unexpected difference in reader signal-detection performance between conventional and laser-printed digital images. Digital images were windowed before printing to provide a compromise between the amount of detail visible in the lungs and behind the mediastinum. This procedure was performed with the operator blind to patient identity and pathology. This manipulation may It is somewhat surprising that signal-detection performance with laser-printed films was significantly better than that with conventional films, whereas performance with video images was not, because the readers usually preferred the video images to the laser prints (in contrast to the experience of MacMahon et all~ However, consistent with the findings of MacMahon et al, lo the readers in the present study performed better with hard copy than with video images. This difference in performance may be a result of the video images being about half the size of the conventional chest images and 65% the size of the laser-printed ones. Signal detection is strongly correlated to image size. 5
These data do not conclusively resolve the issue of how much resolution is required from digital imaging systems to provide clinical radiographic information in all cases. However, it may be said that the level provided, 1,023-1ine x 944-pixel x 10-bit, was sufficient for most of the variety of cases used in this study, which was a representative cross section of the routine chest imaging caseload of that department. This result may affect the configuration and cost of clinical viewing stations and/or the distribution of different resolution viewing stations within a digital radiology department. For example, a work station comprising one 2,048 x 2,048 monitor and three 1,024 x 1,024 monitors may be sufficient for the radiologist. Alternatively, a department might have only one or two high-resolution work stations, most of the department using the more economical 1,024 x 1,024 variety.
